INTRODUCTION
Neuronal ceroid lipofuscinosis (NCL or Batten disease) is composed of a group of autosomal recessive neurodegenerative diseases of childhood (1) . These disorders are characterized pathologically by the accumulation of autofluorescent storage material within lysosomes, and are considered lysosomal storage disorders (LSDs), with an estimated world-wide incidence of 1 in 100 000 live births (2) . NCL typically presents with visual deficits due to retinal degeneration that gradually progresses to complete blindness. In addition, patients can suffer from seizures, motor abnormalities, ataxia, mental retardation leading to dementia and eventually premature death (3) . The neurological symptoms of NCL are due to an extensive loss of neurons in the retina and central nervous system, predominantly in the cerebral and cerebellar cortices. Cortical atrophy is also accompanied by subcortical neuron loss, especially in the thalamus. Currently, there are over 400 known genetic mutations in at least 14 genes that lead to NCL (www.ucl.ac.uk/ncl/mutation.shtml), many of which have not been fully characterized (3 -7) . Mutations in many of these genes lead to a number of overlapping clinical variants, which have variable ages of onset and severity. There is no cure for any of the NCL subtypes, only long-term palliative care for the progressive symptomology. A large portion of NCL gene mutations lead to a premature termination codon (PTC, also called nonsense codon or premature stop codon) within the mRNA transcript (6) . These various mutations range from base substitutions that directly introduce a nonsense mutation, insertions and deletions that shift the reading frame resulting in a PTC, and mutations within introns that cause aberrant splicing and subsequent frameshifts leading to PTCs. Early stop codons predispose NCL mRNAs to premature degradation by the nonsense-mediated decay (NMD) pathway. In previous work we have shown that the 1.02 kb deletion in CLN3 leads to a significant decrease in mRNA transcript abundance, most likely due to NMD (8) .
NMD is a translational-dependent mRNA quality control mechanism in eukaryotes that recognizes and eliminates aberrant transcripts, such as those containing PTCs, for the prevention of abnormal protein production (9 -16) . This pathway is crucial for the post-transcriptional control of human gene expression, and has become an important therapeutic target for genetic diseases, such as cystic fibrosis, Duchenne and Becker muscular dystrophy, Usher syndrome type 1C and various LSDs (17 -22) . Approximately 75% of human genes produce pre-mRNA that undergoes alternative splicing, and over one-third of alternatively spliced mature mRNAs are targeted for degradation by the NMD pathway (23) . In addition, 30% of all human genetic disorders arise as a consequence of nonsense or frameshift mutations that introduce a PTC (24) . NMD plays a critical role in disease pathogenesis through the prevention of the potential dominant-negative effect of non-functional protein within the cell, as well as the prevention of abnormal protein accumulation and subsequent initiation of the ER stress response. It is therefore crucial for proper cell function that mRNA transcripts harboring PTCs are recognized early by NMD and degraded. Although NMD has been shown to modulate disease phenotype through the removal of mutated gene transcripts in several genetic disorders, it is becoming increasingly apparent that NMD can worsen disease phenotypes by preventing the translation of truncated protein that may yet retain function (14, (25) (26) (27) .
Mutations in CLN1, which encodes palmitoyl-protein thioesterase 1 (PPT1), are the basis for infantile neuronal ceroid lipofuscinosis (INCL or classic INCL). Alternatively referred to as CLN1 disease (28) . Classic INCL is the most severe form of NCL, presenting in children at 1 -2 years of age, and typically leads to death by ages 8 -11 (1) . In addition, mutations in CLN1 are associated with other clinical variants, such as late-infantile, juvenile and adult NCL. To date, there are 61 CLN1 mutations that have been identified, consisting of 27 missense, 11 nonsense, 10 splice-site affecting, 4 insertions, 6 deletions and various others (6) . The three most common mutations in CLN1 are the missense mutations p.Arg122Trp and p.Thr75Pro and the nonsense mutation p.Arg151X, which is the most commonly occurring CLN1 mutation worldwide (6, 29 -31) . PPT1 is a lysosomal enzyme that removes palmitoyl groups from modified cysteine residues in proteins targeted for degradation. However, the specific targets of this protein remain unknown (32) . Mutations in CLN1 play a critical role in NCL pathology through decreased enzyme activity (6, 32, 33) .
Mutations in CLN2, which encodes tripeptidyl-peptidase 1 (TPP1), are the basis for late-infantile neuronal ceroid lipofuscinosis (LINCL) or classic LINCL. Alternatively referred to as CLN2 disease (28) . Classic LINCL presents in children at 2 -4 years of age, and typically leads to death by 6 -15 years of age (2) . Mutations in CLN2 are also associated with infantile and juvenile NCL. To date, there are 89 mutations, consisting of 42 missense, 14 nonsense, 17 splice-site affecting, 11 deletions, 4 insertions and 1 deletion-insertion mutations (6) . The two most common mutations in CLN2 are c.509 -1G.C and p.Arg208X, which comprise 57% of all identified mutant alleles, and are found in 89% of disease cases (6, 34) . TPP1 is a lysosomal enzyme that cleaves tripeptides from proteins undergoing degradation in the lysosome (35) . The majority of CLN2 mutations lead to decreased enzyme activity, but there are also mutations that cause localization defects and subsequent retention within the ER (36) .
Mutations in CLN3, which encodes the CLN3 protein, are the basis for juvenile neuronal ceroid lipofuscinosis (JNCL or classic JNCL). Alternatively referred to as CLN3 disease (28) . Classic JNCL presents in children at 5 -10 years of age, and typically leads to death in the second to third decade of life (3) . Mutations in CLN3 are also associated with protracted and infantile NCL. To date, there are 59 mutations, consisting of 16 splice-site affecting, 13 nonsense, 12 missense, 11 deletions, 5 insertions and one mutation that affects the first methionine (6) . The most common mutation is c.461 -280_677 + 382del966 (1.02 kb deletion), which causes a frameshift and nonsense mutation, resulting in a truncated and non-functional protein, accounting for over 85% of disease cases (3, 6, 8, (37) (38) (39) . CLN3 is a 438-amino acid transmembrane protein of unknown function that is comprised of six transmembrane domains with both N-and C-termini facing the cytoplasm. Many functional roles have been proposed for CLN3, such as lysosomal acidification, lysosomal arginine transport, vesicular trafficking, membrane fusion, autophagy and apoptosis (40) , but further investigation is needed to accurately define its role within the cell.
Very little is currently known about NCL mRNA regulation and the subsequent effects of genetic mutations on their degradation. Understanding the role of NMD in NCL is crucial for understanding the molecular pathology of NCL genetic variants. Most importantly, NMD has emerged as a pathological mechanism for many genetic diseases, and may serve as a druggable therapeutic target for NCL. The frequency of patients diagnosed with NCL that have stop codon mutations as one of the disease causing alleles is 52.3% in INCL, 33.8% in LINCL and 2.8% in JNCL (17) . In this work, the expression of CLN1, CLN2 and CLN3 mRNA in INCL, LINCL and JNCL lymphoblast cells was examined using quantitative real-time PCR (qPCR) to show that transcripts with PTCs have decreased abundance. PPT1 and TPP1 enzyme activity was measured in INCL and LINCL lymphoblast cells using fluorogenic enzyme assays to assess the effect of various mutations on protein function. In addition, siRNA-mediated knockdown of the NMD components UPF1 and eIF4A3 was performed to show that transcripts with PTCs increase in abundance when NMD is inhibited. Knockdown of UPF1 and eIF4A3 in INCL and LINCL cell lines increases PPT1 and TPP1 enzyme activity, respectively, providing the basis for further investigation using read-through drugs that inhibit the NMD pathway and provide a therapeutic option for these diseases.
RESULTS
It is currently unknown whether premature stop codons in CLN1, CLN2 or CLN3 in INCL, LINCL and JNCL lymphoblast cells, respectively, will lead to decreased mRNA levels. We have speculated that nonsense mutations lead to decreased levels of mutant NCL proteins through the regulation of mRNA transcripts within the cell. The most likely mechanism causing decreased mRNA levels is NMD, which is the most common mechanism through which mutant mRNAs are degraded within the cell, and has been associated with a number of genetic disorders. With this in mind, the expression of CLN1, CLN2 and CLN3 mRNA transcripts containing various nonsense mutations was measured (Fig. 1) . .76-fold decrease in CLN1 mRNA abundance, respectively. This shows that the presence of even a single nonsense mutation decreases endogenous mRNA levels, and that a second nonsense mutation decreases transcript abundance even further. CLN1 mRNA levels were also measured in an LINCL cell line with mutations in CLN2, which was used as a disease control to account for the secondary effects of the disease process. CLN1 mRNA expression levels in all INCL cell lines were significantly decreased from the LINCL disease control. Endogenous CLN2 mRNA expression levels in two LINCL cell lines were significantly decreased from normal ( Fig. 3 and Table 1B ). One of the LINCL cell lines is compound heterozygous for a single nonsense mutation and a splice-site mutation (p.R208X/g.G2308C) and had a 1.62-fold decrease in CLN2 mRNA expression. Another cell line is heterozygous for this same nonsense mutation (WT/p.R208X) and exhibited a similar 1.86-fold decrease in expression. These expression levels are similar to CLN1 mRNA expression levels in two INCL cell lines with only one nonsense mutation ( Table 1 ). The LINCL cell line that is compound heterozygous for two (C) Eleven JNCL cell lines with six mutations (one deletion, three nonsense, one missense and one splice site) in CLN3. The proposed membrane topology of CLN3 along with the structure of the truncated CLN3 protein is shown below CLN3. The truncated CLN3 protein results from a 1.02 kb deletion causing a frameshift which leads to a 181-amino acid protein with 28 novel residues (represented by a dashed line) followed by a stop codon.
Human Molecular Genetics, 2013, Vol. 22, No. 13 2725 nonsense mutations (p.R208X/p.L104X) had an 8.00-fold decrease in CLN2 mRNA expression, once again showing that two nonsense mutations leads to a much greater decrease in transcript abundance. There was no significant difference in CLN2 mRNA expression in a JNCL disease control cell line that has mutations in CLN3. Endogenous CLN3 mRNA expression levels in all JNCL cell lines followed a similar pattern to that seen in INCL and LINCL cell line mRNA expression ( Fig. 4 and Table 1C ). CLN3 transcript levels in three LINCL disease controls as well as a JNCL cell line that is homozygous for a missense mutation (p.R334H/p.R334H) were not significantly decreased from normal. All four JNCL cell lines that are homozygous for the most common 1.02 kb deletion (which introduces a PTC) showed a significant decrease in CLN3 transcript abundance (Fig. 4A) . All other JNCL cell lines with at least one nonsense mutation exhibited significantly decreased CLN3 mRNA levels (1.68-to 12.35-fold) compared with normal ( Fig. 4B) .
In summary, a relative decrease in every NCL transcript containing at least one nonsense codon in three NCL genetic variants was observed. The presence of two nonsense mutations leads to an even greater decrease in transcript abundance. This provides a distinct correlation between the presence of a nonsense mutation and abundance of the respective mRNA.
NCL gene transcripts containing PTCs encode proteins with decreased enzyme activity
The function of PPT1 and TPP1 is known, allowing us to directly measure their activity within cell lines and tissue samples from patients with mutations in CLN1 and CLN2. Compromised enzyme activity is the pathological hallmark of these two genetic subtypes, and represents one of the most important methods for diagnosis. To determine the effect of different mutations on protein function, two fluorogenic assays were used to measure PPT1 (41-43) and TPP1 (44, 45) enzyme Whereas the p.R151X/p.T75P cell line had 10.9% of normal PPT1 enzyme activity, and presented with juvenile onset NCL. The p.T75P mutation has been previously associated with juvenile NCL, whereas the p.H39Q mutation is associated with infantile NCL, a more severe clinical phenotype (33, 46) . The LINCL disease control showed 84.2% of normal PPT1 enzyme activity, which was significantly decreased, but still well within an appropriate range and should not have any effect on biological function or pathology. TPP1 enzyme activity in the two LINCL cell lines was significantly decreased from normal ( Fig. 6 and Table 2B ). The cell lines that are compound heterozygous for two nonsense mutations in CLN2 (p.R208X/g.G2308C and p.R208X/p.L104X) had 2.9 and 3.1% of normal TPP1 enzyme activity. An additional carrier cell line with only one mutated CLN2 allele (WT/ p.R208X) had 53.4% normal TPP1 enzyme activity. The WT/ p.R208X cell line presented clinically as a normal carrier, whereas the p.R208X/g.G2308C and p.R208X/p.V404X cell lines presented clinically with late-infantile NCL. The p.R208X/g.G2308C cell line, which showed similar CLN2 mRNA abundance to the WT/p.R208X cell line, had a much greater decrease in TPP1 enzyme activity, which is likely due to the additional g.G2308C splice site mutation. Unlike the p.R208X mutation, the g.G2308C splice-site mutation does not lead to a PTC and is more than likely not recognized by NMD. This explains how there are similar CLN2 mRNA expression levels in these two cell lines, but significant differences in TPP1 enzyme activity. The second LINCL cell line, p.R208X/ p.L104X, showed similar TPP1 enzyme activity to the p.R208X/g.G2308C cell line. This p.R208X/p.L104X cell line also had the lowest TPP1 mRNA abundance, which is likely due to NMD recognizing both mutated CLN2 alleles.
These results confirm that these mutations in CLN1 and CLN2 lead to a significant compromise of PPT1 and TPP1 enzyme activity. Endogenous expression of CLN2 in LINCL lymphoblast cell lines is decreased compared with age-and sex-matched controls. Quantitative realtime PCR (qPCR) was used to measure endogenous CLN2 mRNA expression in LINCL lymphoblast cell lines grown under normal conditions. Relative expression of the CLN2 mRNA transcript was normalized to at least three of four reference genes (B2M, GAPDH, GUSB, HGPRT). The samples designated DT14, KS212 and NJ001 were compared with the age-and sex-matched controls designated GM03798, AG09393 and AG14798, respectively. NL003 (JNCL cell line) was used as a disease control. Four technical replicates were used for each sample. All values are represented as mean + SE; * P , 0.05. The JNCL cell lines designated DT8, DT25, DT27 and GM08820 are homozygous for the 1.02 kb deletion, and were compared with the age-and sexmatched controls designated GM07535, AG09390 and AG15792. DT14, KS212 and NJ001 (LINCL cell lines) were used as disease controls. (B) The JNCL cell lines designated DT38, DT23, DT3, DT12, CO011, NL003 and DT10 have various nonsense mutations and were compared with the age-and sex-matched controls designated AG05979, GM03798, GM06160, GM07535, AG14812 and AG9390. DT14, KS212 and NJ001 (LINCL cell lines) were used as disease controls. Relative expression of the CLN3 mRNA transcript was normalized to at least three of four reference genes (B2M, GAPDH, GUSB and HGPRT). Four technical replicates were used for each sample. All values are represented as mean + SE; * P , 0.05; * * P , 0.01; * * * P , 0.001.
NMD targets NCL gene transcripts for degradation
Because the presence of nonsense mutations within NCL gene mRNA leads to a decrease in abundance, we propose that NMD is involved in their degradation. SiRNA-mediated knockdown of two critical NMD components, UPF1 and eIF4A3 was performed (Supplementary material, Fig. S1 ). Following siRNA knockdown, mRNA levels using qPCR were measured to determine whether blocking NMD would increase the abundance of CLN1, CLN2 and CLN3 mRNA. An INCL cell line with a single nonsense mutation (p.R151X/p.H39Q) and an INCL cell line that is homozygous for two nonsense mutations (p.R151X/p.R151X) exhibited increased CLN1 mRNA expression when treated with UPF1 and eIF4A3 siRNA (Fig. 7A) . Another INCL cell line that is compound heterozygous for two nonsense mutations (p.R151X/p.L10X) also showed increased CLN1 mRNA expression when treated with eIF4A3 siRNA. A normal CLN2 carrier cell line and an LINCL cell line with a single nonsense mutation (WT/p.R208X and p.R208X/g.G2308C) showed an increase in CLN2 mRNA expression when treated with eIF4A3 siRNA, while an LINCL cell line that is compound heterozygous for two nonsense mutations (p.R208X/ p.L104X) exhibited increased CLN2 mRNA expression when treated with both UPF1 and eIF4A3 siRNA (Fig. 7B ). UPF1 and eIF4A3 was knocked down in three JNCL lymphoblast cell lines which had various nonsense mutations in CLN3 (1.02kb del/p.W35X, p.Q352X/p.Q352X and 1.02 kb del/ 1.02 kb del), and showed that CLN3 mRNA expression increases when NMD is blocked (Fig. 7C) . Interestingly, a JNCL cell line that is homozygous for the p.R334H missense mutation did not show an increase in CLN3 mRNA abundance when NMD was knocked down. This shows that CLN1, CLN2 and CLN3 mRNA transcripts harboring nonsense mutations in lymphoblast cells are targeted for degradation by NMD.
PPT1 enzyme activity was measured in INCL cell lines (p.R151X/p.T75P, p.R151X/p.L10X and p.R151X/p.R151X) and TPP1 enzyme activity was measured in LINCL cell lines (p.R208X/g.G2308C and p.R208X/p.L104X) transfected with UPF1 and eIF4A3 siRNA. All of these cell lines contained PTCs and exhibited a significant increase in enzyme activity (Fig. 8) . The INCL cell line that is homozygous for the p.R151X mutation showed the greatest increase in PPT1 enzyme activity, whereas the INCL cell line that is compound heterozygous for a nonsense and missense mutation (p.R151X/ p.T75P) showed the lowest increase in PPT1 enzyme activity. The LINCL cell line that is compound heterozygous for two nonsense mutations (p.R208X/p.L104X) showed the greatest increase in TPP1 enzyme activity, whereas the LINCL cell line that is compound heterozygous for a nonsense and splice site mutation (p.R208X/g.G2308C) showed the lowest increase in TPP1 enzyme activity. Currently, there is no assay to measure CLN3 protein function. In addition, there are no appropriate antibodies to quantify endogenous protein Figure 5 . PPT1 enzyme activity in INCL lymphoblast cell lines is decreased compared with controls. Relative PPT1 enzyme activity was measured in the INCL cell lines designated GM16084, NC001, WN103 and GM16083, and compared with three controls designated AG07535, AG09393 and AG15792, respectively. NJ001 (LINCL cell line) was used as a disease control. Four technical replicates were used for each sample. All values are represented as mean + SE; * P , 0.001; * * P , 0.0001 compared with wildtype controls using Student's t-test. Figure 6 . TPP1 enzyme activity in LINCL lymphoblast cell lines is decreased compared with controls. Relative TPP1 enzyme activity was measured in the LINCL cell lines designated NJ001 and KS212, and a carrier cell line designated DT14, which were compared with three controls designated GM03798, GM09393 and GM14798, respectively. Four technical replicates were used for each sample. All values are represented as mean + SE; * P , 0.0001 compared with wild-type controls using Student's t-test.
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Human Molecular Genetics, 2013, Vol. 22, No. 13 levels. The most common 1.02 kb deletion in CLN3 leads to a frameshift and subsequent nonsense mutation, most likely leading to a truncated and non-functional CLN3 protein. It is not known how other mutations will affect CLN3 function, but there are no known phenotype -genotype correlations in JNCL patients. Although the function of CLN3 is unknown, we speculate that elevating CLN3 transcript through inhibition of NMD would also result in a significant increase in functional CLN3 protein.
Knockdown of UPF1 and eIF4A3 in INCL, LINCL and JNCL cell lines not only led to an increase in CLN1, CLN2 and CLN3 mRNA transcript abundance (Fig. 7) , but also resulted in an increase in PPT1 and TPP1 enzyme activity (Fig. 8) . These results show that blocking NMD in cell lines with nonsense mutations in NCL mRNA transcripts leads to increased functional protein production and a subsequent increase in enzyme activity.
Read-through drugs suppress nonsense mutations in CLN1 and CLN2 gene transcripts
An INCL cell line that is homozygous for the p.R151X mutation in CLN1 and an LINCL cell line that is compound heterozygous for the p.R208X and p.L104X mutations in CLN2 were treated with Ataluren (Fig. 9) , and gentamicin for 48 h (Supplementary material, Fig. S2 ). Both of these cell lines contain a nonsense mutation in each allele, and read-through drug treatment was expected to increase PPT1 and TPP1 enzyme activity. Ataluren significantly increased PPT1 and TPP1 enzyme activity at 2.5 and 5.0 mg/ml. There were no significant changes in PPT1 and TPP1 activity with a DMSO-only control (data not shown). Gentamicin significantly increased PPT1 enzyme activity in the INCL cell line at 0.312, 0.625 and 1.25 mg/ml, and significantly increased TPP1 enzyme activity in the LINCL cell line at all doses. There was no significant changes in PPT1 and TPP1 activity with a phosphate buffered saline (PBS)-only control (data not shown).
DISCUSSION
It has been recognized that NMD is critically important in the recognition and elimination of mutant transcripts in a number of genetic disorders (14) . In fact, it has been estimated that 30% of all genetic disorders are due to the presence of PTCs (24) . The expression of these mutant genes could lead to the production of truncated proteins with residual or no function, as well as gain-of-function or dominant-negative effects. However, a majority of these mutant transcripts are eliminated Figure 7 . Mutated CLN1, CLN2 and CLN3 mRNA expression increases due to siRNA knockdown of nonsense-mediated decay. Lymphoblast cell lines were transiently transfected with UPF1, eIF4A3 or GL2 (luciferase) siRNA for 48 h. Quantitative real-time PCR was then used to measure CLN1, CLN2 or CLN3 mRNA in INCL, LINCL or JNCL cell lines, respectively. (A) Three INCL cell lines showed a significant increase in CLN1 mRNA abundance when UPF1 and eIF4A3 siRNA was used to knockdown NMD. No changes in CLN1 mRNA abundance were seen in a wild-type control. (B) Two LINCL cell lines showed a significant increase in CLN2 mRNA abundance when UPF1 and eIF4A3 siRNA was used to knockdown NMD. A cell line from a normal carrier also showed increased CLN2 mRNA abundance. No changes in CLN2 mRNA abundance were seen in a wild-type control. (C) Three JNCL cell lines also showed a significant increase in CLN3 mRNA abundance. UPF1 and eIF4A3 siRNA-treated samples were compared with GL2 (luciferase) controls. Lipofectamine only controls showed no change in CLN1, CLN2 and CLN3 mRNA expression. Four technical replicates were used for each sample. All values are represented as mean + SE; * P , 0.05; * * P , 0.01.
by NMD which protects the cell from the potentially toxic side-effects of protein accumulation. Owing to its role in disease pathogenesis, NMD has emerged as an important therapeutic target in a number of genetic disorders. Current strategies that target this pathway involve the use of readthrough drugs, such as the aminoglycosides, PTC124 (Ataluren) and RTC13 (17) (18) (19) (20) (21) (22) . Ataluren is currently being used in one ongoing phase III clinical trial for cystic fibrosis (NCT00803205) and one phase III trial currently recruiting patients for Duchenne and Becker muscular dystrophy (NCT01247207). Previously, gentamicin was shown to increase TPP1 enzyme activity in human fibroblasts from LINCL patients harboring nonsense mutations (47) . It has also been recently shown that gentamicin and Ataluren were able to mildly increase PPT1 enzyme activity in INCL patientderived fibroblast cell lines (48) .
In this study, the role of NMD in neuronal ceroid lipofuscinosis was investigated using a number of cell lines with mutations in CLN1, CLN2 and CLN3. Every cell line harboring at least one nonsense mutation had a significantly lower endogenous mRNA abundance than normal cell lines. In addition, the cell lines with two nonsense mutations had an even greater decrease in endogenous mRNA abundance. This correlation between nonsense mutations and mRNA transcript abundance provides evidence of targeted degradation, for which the most likely pathway is NMD. The effects that mutations in CLN1 and CLN2 have on pathology are most easily examined through PPT1 and TPP1 enzyme activity, respectively. These enzymes are critically important for proper lysosomal function, and significant decreases in PPT1 or TPP1 enzyme activity can lead to substrate accumulation Figure 8 . PPT1 and TPP1 enzyme activity increases due to siRNA knockdown of nonsense-mediated decay. Lymphoblast cells were transiently transfected with UPF1, eIF4A3 or GL2 (luciferase) siRNA for 48 h. Fluorogenic enzyme assays were used to measure PPT1 or TPP1 enzyme activity in INCL or LINCL cell lines, respectively. (A) All three INCL cell lines (NC001, WN103 and GM16083) showed a significant increase in PPT1 enzyme activity after NMD was knocked down with eIF4A3 siRNA. GM16083 showed a significant increase in PPT1 activity after UPF1 was knocked down. (B) Both LINCL cell lines (NJ001 and KS212) showed a significant increase in TPP1 enzyme activity after NMD was knocked down with UPF1 and eIF4A3 siRNA. Four technical replicates were used for each sample in both PPT1 and TPP1 enzyme assays. All values are represented as mean + SE; * P , 0.05; * * P , 0.01; * * * P , 0.001 compared with GL2 (luciferase) controls using Student's t-test. Figure 9 . PPT1 and TPP1 enzyme activity increases following treatment with Ataluren. (A) INCL (CLN1 p.R151X/p.R151X) and (B) LINCL (CLN2 p.R208X/p.L104X) lymphoblast cell lines as well as a wild-type lymphoblast cell line were treated with Ataluren (0.625-5.0 mg/ml) for 48 h. PPT1 and TPP1 enzyme activity was assayed in the INCL and LINCL cell lines, respectively, and normalized to wild-type enzyme activity. Two biological replicates were used at each dosage. Four technical replicates were used for each biological replicate in both PPT1 and TPP1 enzyme assays. All data are plotted as a percent of normal. All values are represented as mean + SE; * * P , 0.01; * * * P , 0.001 compared with wild-type controls using one-way ANOVA followed by Dunett's multiple comparison post-test.
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and disease pathogenesis. Every INCL and LINCL cell line in this study had a significant decrease in PPT1 and TPP1 enzyme activity, respectively. In addition, there is a distinct correlation between PPT1 and TPP1 enzyme activity, and severity of the patient's clinical phenotype from which these cell lines were derived. This supports the hypothesis that increasing enzyme activity can alleviate disease pathogenesis. We contend that NMD-targeted degradation of NCL gene transcripts decreases enzyme activity and contributes to disease pathology. To test this hypothesis, siRNA-mediated knockdown of two proteins critically important to the NMD pathway, UPF1 and eIF4A3, was performed. Expression of CLN1, CLN2 and CLN3 increases in cell lines with nonsense mutations, but not in cell lines with missense mutations or wild-type alleles. Disrupting NMD should lead to an increase in NCL gene mRNA abundance, as well as an increase in functional protein production by read-through of the early stop codon (21) . Therefore, PPT1 and TPP1 enzyme activity was measured in cell lines transfected with UPF1 and eIF4A3 siRNA. Disrupting NMD in these cell lines lead to a significant increase in PPT1 and TPP1 enzyme activity. Most interestingly, PPT1 and TPP1 enzyme activity increased the greatest in an INCL cell line (p.R151X/p.R151X) and an LINCL cell line (p.R208X/p.L104X) with two nonsense mutations.
Although the effect of NMD on CLN3 protein function cannot be adequately assessed, disrupting NMD with siRNA in JNCL cell lines leads to an increase in CLN3 mRNA abundance. This most likely leads to a significant increase in functional CLN3 protein production by read-through of PTCs, such as p.W35X, p.V180X and p.Q352X. However, read-through of the PTC that arises from the most common 1.02 kb deletion will not lead to translation of functional CLN3 due to deletion of exons 7 and 8. In this study and in previous work, we have shown that the 1.02 kb deletion leads to a significant decrease in CLN3 transcript abundance (8) . In addition, cellular quality control mechanisms are likely to degrade the truncated CLN3 protein. Therefore, these data support the hypothesis that the 1.02 kb deletion in CLN3 leads to a true loss-of-function disease.
The role of NMD in NCL transcript abundance and enzyme activity was further studied using two read-through drugs gentamicin and Ataluren (PTC124). Both of these drugs were able to suppress nonsense mutations in an INCL cell line (p.R151X/p.R151X) and an LINCL cell line (p.R208X/ p.L104X), leading to a significant increase in PPT1 and TPP1 enzyme activity, respectively. According to several authors, increasing enzyme activity to 1 -5% (49) and 15-20% (50) of normal endogenous activity could correct a lysosomal enzyme metabolic defect. Therefore, it is possible that increasing PPT1 and TPP1 enzyme activity to 10% (51) of normal could sufficiently affect pathology, lessening disease severity and consequently prolonging a patient's life.
This study shows that NMD is involved in NCL mRNA degradation, and subsequent decrease in NCL protein function. Inhibiting NMD in INCL and LINCL cell lines increases PPT1 and TPP1 enzyme activity, and provides a druggable therapeutic target. NMD is involved in the molecular genetic pathology of many other genetic diseases, such as cystic fibrosis and Duchenne muscular dystrophy. As such, NMD has become an important therapeutic target and is currently the focus of a number of research studies investigating the use of read-through drugs for therapy. Read-through drugs have emerged as an important class of compounds that target NMD, leading to a significant increase in functional protein production. With this in mind, it is apparent that read-through drug treatment in NCL could potentially attenuate disease pathogenesis, and provides new treatment options for this group of fatal genetic diseases.
MATERIALS AND METHODS

Lymphoblast cell culture
Lymphoblast cell lines derived from INCL, LINCL and JNCL patients, designated NC001, WN103, DT14, KS212, NJ001, CO011, DT3, DT8, DT12, DT23, DT25, DT27, DT38, NL003 and TX008, were prepared as described previously (52) . Additional patient cell lines, designated GM16083, GM16084 and GM08820, were obtained from Coriell Cell Repository. Ageand sex-matched control cell lines, designated GM03798, GM05979, GM06160, GM07535, GM09390, GM09391, GM 9393, GM9659, AG14812, AG14798, AG15792 and AG1 5914, were also obtained from Coriell Cell Repository. All cell lines were cultured in T75 flasks using Hyclone RPMI 1640 medium (Thermo Scientific, Rockford, IL, USA) supplemented with 15% heat inactivated Hyclone fetal bovine serum (Thermo Scientific) and 10% Penicillin/Streptomycin (Thermo Scientific), at 378C with 5% CO 2 .
Sample processing and handling
All lymphoblast cell lines were processed in a similar manner. Approximately 5.0 × 10 6 cells from each sample were centrifuged at 250g, washed in PBS, pelleted in 1.5 ml microcentrifuge tubes and frozen on dry ice. All samples were stored at 2808C no longer than 2 months before total RNA extraction or protein extraction.
Nucleic acid extraction
Total RNA was extracted from lymphoblast cell samples with a Maxwellw 16 LEV simplyRNA Cells Kit (Promega, Madison, WI, USA) using a Maxwellw 16 Instrument (Promega), according to the manufacturer's instructions. Sample purity and yield were determined using a NanoVue spectrophotometer (Denville Scientific, Metuchen, NJ, USA). All samples had A 260 /A 280 values between 2.098 and 2.115, and yielded between 520 and 1481 ng/ml total RNA. RNA integrity was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) with an Agilent RNA 6000 Nano Kit (Agilent Technologies) according to the manufacturer's instructions. All relative integrity numbers were between 9.6 and 10.
Reverse transcription
Each sample was mass-normalized using 1000 ng of total RNA for cDNA synthesis using a High Capacity cDNA Reverse Transcription Kit (Life Technologies, Carlsbad, CA, Human Molecular Genetics, 2013, Vol. 22, No. 13 2731 USA), according to the manufacturer's instructions in a 96-well plate. The reaction conditions were as follows: 258C for 10 min, 378C for 120 min and 858C for 5 min. Samples were diluted with molecular grade water to 10 ng/ml following reverse transcription. Samples were assessed for DNA contamination using reactions with no reverse transcriptase added. All samples were DNA free and stored at 2208C until use.
Quantitative real-time polymerase chain reaction qPCR was performed for target genes using TaqManw hydrolysis assays (Life Technologies) for TPP1 (Cat.# Hs00166099_m1), CLN3 (Cat.# Hs01029229_g1), UPF1 (Cat.# Hs00161289_m1), eIF4A3 (Cat.# Hs01556773_m1) and a custom probe assay (Eurofins MWG Operon, Huntsville, Alabama, USA) for CLN1 variant 1 (CLN1v1) (NM_000310). CLN1v1 probe and primer sequences were 5
′ (reverse primer). qPCR was performed for reference genes using TaqMan w hydrolysis assays (Life Technologies) for B2M (Part.# 4333766F), GAPDH (Part.# 4333764F), GUSB (Part.# 4333767F) and HGPRT (Part.# 4333768F). Amplification was performed with 20 ng cDNA in 10 ml reaction volumes for four technical replicates using Absolute Blue qPCR Mix (Thermo Scientific) in 384-well plates (Roche Diagnostics, Indianapolis, IN, USA). Thermal cycling and fluorescence data collection were performed on a LightCycler w 480 (Roche Diagnostics) using the following reaction conditions: 958C for 15 min, followed by 40 cycles at 958C for 15 s, 608C for 1 min.
qPCR data analysis
Raw fluorescence data were analyzed with the second derivative method to determine Cq values using LightCycler 480 software version 1.5 (Roche Diagnostics). The Cq values for each sample had a standard deviation ,0.15. No-template controls were used for each qPCR assay and revealed no nucleic acid contamination. Calibration curves were established for each qPCR assay to determine gene amplification efficiency, which was calculated as: PCR efficiency ¼ 10 21/slope -1. All qPCR assays had PCR efficiencies between 0.92 and 0.99. Relative expression of all target genes was calculated compared with reference genes using REST 2009 (53, 54) .
PPT1 enzyme assay
Palmitoyl-protein thioesterase 1 (PPT1) enzyme activity was measured as previously described (41 -43) . INCL cell lines, designated GM16083, GM16084, NC001 and WN103 as well as normal cell lines, designated AG07535 and AG09393, and an LINCL cell line, designated NJ001 were used. To summarize, live cells were pelleted, and re-suspended in PBS two to three times. One-hundred thousand cells per well were then incubated in a mixture containing 0.64 mM 4-methylumbelliferyl-6-thiopalmitoyl-b-glucoside (MU-6S-palm-bGlc, Moscerdam Substrates, Netherlands), 15 mM dithiothreitol (DTT) in 5.1 mg/ml bovine serum albumin and 0.02% Na-azide, 0.375% (w/v) Triton X-100 in 2/1 chloroform/methanol, 0.1 U b-glucosidase from almonds (Sigma-Aldrich, St Louis, MO, USA) in double-concentrated McIlvains phosphate/citric-acid buffer, pH 4.0. The live cell reaction mixture was then incubated for 1 h at 378C. The reaction was stopped with the addition of 0.5 M NaHCO 3 /0.5 M Na 2 CO 3 buffer, pH 10.7 with 0.025% Triton X-100 and fluorescence was measured using a SpectraMax M5 instrument (Molecular Devices, Sunnyvale, CA, USA). Relative enzyme activity was estimated using total fluorescence minus background, and analyzed using an unpaired Student's t-test.
TPP1 enzyme assay
TPP1 enzyme activity was measured as previously described (44, 45) . LINCL cell lines, designated DT14, KS212 and NJ001, and normal cell lines, designated GM03798, GM09393 and GM14798, were used. Live cells were pelleted, and re-suspended in PBS two to three times. One-hundred thousand cells per well were then incubated with 250 mM Ala-Ala-Phe-7-amido-4-methylcoumarin (Ala-Ala-Phe-AMC, Sigma-Aldrich) in DMSO. The live cell reaction mixture was then incubated for 1 h at 378C. The reaction was stopped with the addition of 0.1 M monochloroacetic acid/ 0.13 M NaOH/0.1 M acetic acid, pH 4.3 and fluorescence was measured using a SpectraMax M5 instrument (Molecular Devices). Relative enzyme activity was estimated using total fluorescence minus background, and analyzed using an unpaired Student's t-test.
Lymphoblast cell siRNA transfection
Lymphoblast cell lines were tested for transfection efficiency using 25, 50 and 100 nM BLOCK-iT TM Fluorescent Oligo (Life Technologies) (results not shown). To test for knockdown efficiency, lymphoblast cell lines were transfected at 5.0 × 10 5 cells per ml with 25, 50 or 100 nM ON-TARGETplus SMARTpool RENT1 (UPF1) siRNA or DDX48 (eIF4A3) siRNA (Thermo Scientific) in 30 mM dishes (4 ml total) with 10 ml Lipofectamine 2000 (Life Technologies) according to manufacturer's instructions. Luciferase GL2 Duplex siRNA (Thermo Scientific) was used as an siRNA negative control. Lipofectamine 2000 only controls showed no changes in gene expression. All additional experiments used 100 nM UPF1 or eIF4A3 siRNA and 100 nM GL2 Duplex siRNA. Cells were collected after 48 h (see above) and used for enzyme assays or stored at 2808C for further use.
Immunoblotting
Cells were collected and stored at 2808C (see above). Protein samples were prepared by treating cell pellets for 15 min with lysis buffer containing 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.2% Triton X-100 and 300 mM NP-40, supplemented with 1:1000 protease cocktail and 1:10 000 PMSF, for extraction on ice. Following a high-speed spin (12 000 g), the supernatant was collected, and the protein concentration was measured using the Pierce 660 nM Protein Assay (Thermo Scientific). Samples were heated for 5 min in Laemmli buffer at 1008C. Proteins were resolved on 10% SDS -polyacrylamide gels at 200 V for 40 min, and transferred to PVDF membranes
2732
(Millipore Corporation, Billerica, MA, USA) at 100 V for 120 min. Membranes were then incubated in blocking buffer [5% milk in 100 mM Tris -HCl, pH 7.5, 150 mM NaCl, 0.1% Tween-20 (TBST)] for 1 h. Anti-UPF1 (1:10 000, Abcam) and anti-GAPDH (1:5000; Sigma-Aldrich) antibodies were used to probe the membranes incubated in blocking buffer overnight at 48C. Following primary incubation, membranes were washed three times, once for 10 min and twice for 5 min with TBST, then probed with anti-rabbit antibody conjugated with horse-radish peroxidase (GE Healthcare Life Sciences, Piscataway, NJ, USA) in a blocking buffer for 1 h at room temperature. Membranes were then washed four times, once for 10 min and three times for 5 min. Signal was detected by chemiluminescence using Luminata Forte Western HRP Substrate (Millipore) and a BioSpectrum UVP Imaging system (Upland, CA, USA). 
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